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Abstract-Pulsed nuclear magnetic resonance proved to be a complementary new technique for the study 
of moving dislocations in AI-U alloys. The NMR technique, in combination with transmission electron 
microscopy and strain-rate change experiments have been applied to study dislocation motion in 
Al-2.2 wt% Li alloys, aged at 2 15°C (1 h) and 245°C (115 h). These heat treatments were chosen in order 
to obtain considerable differences in particle sizes which influence the mechanical properties. From the 
motion-induced part of the spin lattice relaxation rate, TG’ of *‘Al the mean jump distance of mobile 
dislocations has been measured as a function of strain. Transmission electron microscopic observations 
of the mean planar diameter of 6’ precipitates, together with the NMR data, predicted the increase in 
yield stress of these alloys compared to ultrapure Al in agreement with experiments. In alloys aged 1 h 
at 215°C the precipitates are believed to be shearable. After aging 115 h at 245°C NMR and TEM 
observations indicated that the particles were not sheared. It was found that the activation length, 
obtained from mechanical strain-rate change experiments have different values compared to the values 
of the mean jump distance determined by NMR. Reasons for the mean jump distance being different from 
the activation length have been given. Nevertheless, there exists an internal consistency. namely: both 
mean jump distance and activation length have been found to decrease with strain hardening more rapidly 
in Al-Li containing nonshearable precipitates than in Al-Li containing shearable precipitates. 
R&arms&La r&onance magnitique nucliaire pulste est une nouvelle technique complementaire pour 
l’etude des dislocations en d&placement dans da alliages AI-Li. Nous avons utilisi la RMN, ainsi que 
la microscopic tlectronique en transmission et des experiences de changement de la vitesse de deformation 
pour Ctudier le d&placement des dislocations dans des‘alliages Al-2,2x Li (en poids) vieillis P 215°C (1 h) 
et a 245°C (115 h): Nous avons choisi ces traitements thermiques afin d’obtenir des differences 
considerables dans les tailles de particules. qui influencent les propriitis mtcaniques. Nous avons mesure 
la distance de saut moyenne pour les dislocations mobiles en fonction de la deformation a partir de la 
partie de la vitesse de relaxation spin-rtseau de 27Al induite par le mouvement T;p’. Des observations du 
diametre planaire moyen des p&cipites 6’ par microscopic tlectronique en transmission, associees aux 
msultats de la RMN. ont permis de ptivoir l’accroissement de la limite ilastique de ces alliages par rapport 
a I’aluminium ultrapur. en accord avec les experiences. Dans les alliages vieillis I h a 215°C nous pensons 
que les p&pit&s peuvent Otre cisaillb. Aprb vieilhssement de 1 I5 h a 245°C la RMN et la MET ont 
montti que les particules n’ttaient pas cisaillees les valeurs de la longueur d’activation, obtenues a partir 
des experiences de changement de la vitesse de deformation m&canique, ttaient differentes des valeurs de 
la distance de saut moyenne d&erminCs par RMN. Nous proposons des explications pour cette difference 
entre les valeurs de la distance de saut moyenne et la longueur d’activation. Neanmoins, il existe une 
coherence inteme: la distance de saut moyenne et la longueur d’activation diminuent avec le durcissement 
plus rapidement dans Al-Li contenant des pticipitis non cisaillables que dans AI-Li contenant des 
p&pit&s cisaillables. 
Zusammenfassung-Gepulste Kemspinresonanz hat sich als eine neue erganzende Megmethode zur 
Untersuchung der Versetzungsbewegung in AI-Li enviesen. Sie wurde zusammen mit des Durch- 
strahlungselektronenmikroskopie und mit Geschwindigkeitswechseln auf die Versetzungsbewegung in 
Al-2,2 Gew.-% Li, die bei 215°C fiir 1 h oder bei 245°C fiir 115 h ausgelagert worden waren, angewendet. 
Mit diesen Wrmebehandlungen wurden betrlchtliche Unterschiede in den das mechanische Verhalten 
beeinflussende TeilchengroSen erhalten. Aus dem bewegungsinduzierten Teil der Spingitterrelaxationsrate 
Tip’ des 2’Al wurde die mittlere Sprungweite der beweglichen Versetzungen in Abhiingigkeit von der 
Dehnung gemessen. Durchstrahlungselektronenmikroskopische Eeobachtungen der mittleren ebenen 
Durchmesser der d’-Ausscheidungen ergaben zusammen mit den Kemspinresonanzmessungen ine 
erhbhte FlieDspannung dieser Legierungen im Vergleich zu ultrareinem Al, in iibereinstimmung mit den 
Experimenten. In den Legierungen mit einstiindiger Auslagerung bei 215°C sind die Ausscheidungen wohl 
scherbar. Elektronenmikroskopie und Kemspinresonanz eigen, dag sie nach Auslagerung bei 245°C fiir 
115 h nicht geschert werden. Die AktivierungslBngen. die aus den mechanischen Geschwindigkeitswechsel- 
versuchen erhalten wurden. unterscheiden sich von den Sprunglgngen aus der Kemspinresonanz. Griinde 
fiir diesen Unterschied werden angeftihrt. Nichtsdestoweniger gibt es eine innere Vertriiglichkeit: sowohl 
mittlere Sprungweite als such Aktivierungsliinge nehmen mit der Verfestigung rascher in AI-Li- 
Legierungen mit nicht-scherbaren Ausscheidungen ab als in Legierungen mit scherbaren Ausscheidungen. 
A.M. 32jE-E 1205 
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1. INTRODUCTION 
Aluminium-lithium based alloys offer considerable 
promise for structural applications, especially in 
aerospace industry [l], since they possess the poten- 
tial for high strength in combination with a lower 
density and a higher modulus of elasticity than 
conventional aluminium alloys. The strengthening 
mechanism of Al-Li alloys is due to the formation of 
coherent 6’ precipitates [2] (ordered Llr phase A&Li). 
To understand the strengthening mechanism we have 
investigated the way in which moving dislocations 
interact with precipitate particles of the coherent 
phase 6’. In this paper, a nuclear magnetic resonance 
study of the mechanism of dislocation motion in 
Al-2.2 wt% Li is reported. The in situ nuclear spin 
relaxation measurements provide information about 
the effective mean jump distance of mobile dis- 
locations. In addition, the activation length of mobile 
dislocations has been obtained from strain-rate 
change experiments on Al-2.2 wt% Li. Both the mean 
jump distance and the activation length were related 
to the static transmission electron microscopic obser- 
vations of the instantaneous configuration of dis- 
locations and the precipitates. The experiments were 
carried out on Al-Li alloys aged at two different 
temperatures: 215°C (1 h) and 245°C (115 h). These 
heat treatments were chosen in order to obtain 
considerable differences in particle sizes which 
influence the mechanical properties and dislocation 
dynamics. 
2. THEORETICAL BACKGROUND 
A few years ago, we showed that pulsed nuclear 
magnetic resonance is a useful tool to study dis- 
location motion. It turned out that three sets of 
microscopic information about the dislocation 
motion can be deduced in principle from these 
experiments: 
(i) the mean jump distance of moving dislocations, 
(ii) the mean time of stay between two consecutive 
jumps of a mobile dislocation; and 
(iii) the mobile dislocation density as a fraction of 
the total dislocation density. 
While static quadrupolar effects associated with static 
lattice defects such as dislocations are analyzed in 
terms of width, line shape and intensity of the NMR 
signal, dynamical effects, such as dislocation motion 
during plastic deformation, are studied through the 
related nuclear spin-lattice relaxation process. Never- 
theless, both experimental methods are essentially 
based on the interaction between nuclear electric 
quadrupole moments and electric field gradients at 
the nucleus. Around a dislocation in a cubic crystal 
the symmetry is destroyed and interactions between 
nuclear electric quadrupole moments and electric 
field gradients arise. Whenever a dislocation changes 
its position in the crystal, the surrounding atoms have 
also to move, thus causing time fluctuations both of 
the quadrupolar and dipolar spin Hamiltonian for 
spins with I >f. However, dipolar effects on the 
nuclear spin relaxation due to dislocation motion are 
negligible and quadrupolar interactions dominate the 
observed relaxation behaviour. Furthermore, for the 
investigation of rather infrequent defect motions as in 
the case of moving dislocations, the spin-lattice relax- 
ation time in the rotating frame, T,P, has proved to 
be the most appropriate NMR parameter affected by 
such motions. For detailed information of this tech- 
nique reference is made to previous work (3-61. Only 
a concise review will be given here. 
While deforming a sample with a constant strain 
rate i the spin-lattice relaxation rate in a (weak 
rotating) applied field N,, (l/T,,) of the resonant 
nuclei in the sample is enhanced due to the motion of 
dislocations. The resulting expression for the relax- 
ation rate induced by dislocation motion is given by 
A, Pm 
H:+H:,t, 
where A, depends on the mean-squared electric field 
gradient due to the stress field of a dislocation of unit 
length and the quadrupolar coupling constant. HLg is 
the mean local field in the rotating frame determined 
by the local dipolar field HDP and the local quadru- 
polar field HQP. pnt and 7, represent the mobile 
dislocation density and the waiting time of a mobile 
dislocation, respectively. The deformation experi- 
ments are carried out in a magnetic field of 1.4 T with 
a constant deformation rate i. This type of experi- 
ment is governed by Orowan’s equation 171. As- 
suming a thermally activated jerky motion of mobile 
dislocations, the macroscopic strain rate is given by 
(steady state mobile density) [8] 
i = 4bp, L/T,,, (2) 
where 7, is the mean time of stay between successive 
jumps (waiting time 7, plus actual jump time 7,). b is 
the magnitude of the Burgers vector, Q is a geo- 
metrical factor, and L is the mean jump distance. 
Since 7, N 7,(7j~<7w) follows for the spin lattice relax- 
ation rate [equation (l)] using equation (2): 
Hence, for a given plastic deformation rate i the 
nuclear spin relaxation rate is proportional to the 
inverse of the mean jump distance L. A, and H& 
have been obtained separately from a line shape 
analysis of the NMR signal [9] and spin echo NMR 
measurements [IO]. Relationship (3) has been used to 
determine L as a function of strain. 
On the other hand, the strain rate can be written 
as [81 
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where AC is the activation energy for intersection, 
assuming that the only release of a dislocation seg- 
ment from an obstacle is due to thermal fluctuations. 
The Arrhenius’ type of behaviour of i holds for the 
asymptotic flow stress [ 111. The apparent activation 
volume is defined as 
where 4 is taken to be independent of the shear stress 
r .J. represents the average obstacle spacing or the 
activated minimum length. Mechanical tests in- 
volving a change in strain rate by a factor of ten have 
been employed to measure (8 In 2/6r)r, equation (5), 
from which the apparent activation volume and 
average spacing 1 have been deduced. 
3. EXPERIMENTAL 
Polycrystalline samples with a grain size of the 
order of 100-200 pm were used. To avoid skin effect 
distortion of the NMR signal the NMR experiments 
were carried out on rectangular foils of size 27 mm 
x 12 mm x 4Opm. The starting material for the 
Al-Li samples was Al-2.5 wt% Li. After a homog- 
enizing procedure at 580°C for 1 h the material was 
rolled out to the aforementioned thickness and has 
then been cut by spark erosion to the sample size 
given above. Afterwards, the samples were’annealed 
a second time at 580°C for 7 min and quenched in 
water. In order to produce 6’ precipitates of different 
sizes the samples were exposed to a third heat treat- 
ment (either 1 h at 215°C or 1 I5 h at 245°C). After the 
heat treatments, the Li content was measured by 
means of a Perkin-Elmer spectrophotometer and 
appeared to be equal to 2.2 wt% 
In the NMR experiment, the sample under in- 
vestigation is plastically deformed by a servo- 
hydraulic tensile machine (ZONIC Technical Lab. 
Inc., Cincinnati) of which the exciter head XC1 1105 
moves a driving rod with a constant velocity. While 
the specimen was deforming, 27AI nuclear spin mea- 
surements were carried out by means of a BRUKER 
pulse spectrometer SXP 4-100 operating at 15.7 MHz 
corresponding to a magnetic field of 1.4 T controlled 
by an NMR stabilizer (BRUKER B-SN 15). The 
NMR head of the spectrometer and the frame in 
which the rod moves formed a unit which was 
inserted between the pole pieces of the electromagnet 
of the spectrometer. The set-up of the whole tensile 
testing system is described in [5]. A scheme of the 
experimental set-up is displayed in Fig. 1. As shown 
in this block diagram, the spectrometer was triggered 
by the electronic control of the tensile machine. The 
trigger starts the nuclear spin relaxation experiment 
at a definite time during the deformation determined 
by the delay time of the trigger pulse. Immediately 
before and after the plastic deformation the mag- 
Fig. 1. Block scheme of the experimental set-up, consisting of the deformation equipment, NMR 
spectrometer and magnet, data recording and handling instruments. 
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nitude of the background (conduction-electron) re- 
laxation time (T;& was measured. From the experi- 
mental T,,data, the dislocation induced contribution 
of the relaxation time, (T&, could be determined, 
according to 
(6) 
To be sure that the increase in the nuclear spin 
relaxation rate during plastic deformation with 
L =constant is caused actually by internal atomic 
motions and not by any kind of external electro- 
dynamic effects, (I’,,,)-’ was measured while moving 
the whole sample with a constant velocity but with- 
out deformation. No change within experimentai 
error in the relaxation rate was observed in such an 
experiment. 
The NMR and mechanical measurements dis- 
cussed here were carried out at 77 K. At such a low 
temperature nuclear spin relaxation effects due to 
diffusive atomic motions are negligible. Taking the 
Einstein-SmoIuchowski equation as a starting point 
for connecting the diffusion coefficient with the mean 
time of stay r, of an atom between two diffusion 
jumps (neglecting correlation effects) the correlation 
times for atomic jumps of *‘Al and Li in the alumi- 
nium matrix can be calculated at 77 K. These calcu- 
lations indicate that 27A1 and Li are actually immo’- 
bile. The correlation times (> IO” s) are much larger 
than typical values of T, for mobile dislocations 
(N 10e4 s with i II 1 s-‘). Consequently, an observ- 
able contribution of diffusive atomic motions to Tip 
does not occur. 
Transmission electron micrographs were taken by 
using a JEM 200 CX operating between 120 and 
160 kV. Disc-type specimens were obtained from the 
deformed foils by spark cutting to minimize defor- 
mation. The samples were eI~tr~hemically thinned 
in polishing equipment at room temperature in a 
solution of 49% methanol, 49% nitric acid, 2% hydro- 
chloric acid. Dislocations were imaged in dark-field 
using the weak-beam technique [12]. 
4. RESULTS AND DISCUSSION 
4.1. Mean jump dirtance 
In Fig. 2 the mean jump distance measured by 
NMR in Al-Li aged at 215°C (1 h) is illustrated as 
a function of strain. The spin lattice relaxation rate 
was determined at a constant strain rate k = 1.6 s-‘. 
The shape of the L vs c curve is quite similar to the 
curve obtained for ultrapure Al using NMR tech- 
niques [4]. Apparently at the beginning of defor- 
mation the storage of dislocations follows strictly 
geometrical or statistical ruies. Assuming that the 
mean jump distance is proportional to the slip line 
length A, which decreases with increasing strain in 







1 I I I 
5 IO 15 20 
* (“/.I 
Fig. 2. The mean jump distance measured by NMR as a 
function of strain d in (a) Al-2.2 wt% Li aged at 215°C (1 h) 
and (b) Al-2.2 wto/,Li aged at 24W (II5 h). Each data 
point represents he averaged value over 5 measurements. 
The error bar indicates the deviation within a set of L-data 
at a particular E (r’ = 1.6 s-I). 
An electron micrograph illustrating the micro- 
structure of deformed Al-Li till fracture is shown in 
Fig. 3. S’ superlattice reflections have been used for 
imaging the Al,Li precipitates (dark field/strong 
beam, g = [OOl]). The appearance of superlattice dis- 
locations in this ahoy shown in Fig. 4 (dark 
field/weak beam image) indicates that the precipitates 
are shearable. Stereo-electron micrographs revealed 
that the volume fractionfis about 3% and the mean 
diameter 2 R of the precipitates is about 15 nm lead- 
ing to a Friedel spacing of 0.08pm and a mean 
square spacing of 0.06 pm. The square lattice spacing 
of the particles is calculated from 
and the Friedel spacing is defined af[l3] 
LF= ( > nTR, ‘r4 Yf (9) 
where 7’ represents the line tension (r 0.5 d2, 
p = 0.3 * IO5 MPa) and R, is the mean planar radius of 
the particles (n/dR). From the separation between 
the two ordinary unit dislocations constituting a 
superlattice dislocation (96 nm in Fig. 4) an antiphase 
boundary energy y = 140 t&/m2 has been found. 
Both values L, and LF are close to the mean jump 
distance L measured by NMR. However, the mean 
jump distance is much larger than the average particle 
diameter d. Therefore, the d’ ordered precipitates are 
considered to be perfectly sheared off during defor- 
mation. If n dislocations of Burgers vector b shear a 
particle, then the cross section of the precipitate in the 
slip plane wiil be reduced by an amount nb. Con- 
sequently, the effective planar diameter of the particle 
can be considered to decrease as the strain increases. 
Since the flow stress is proportional to (d)‘j2 [ 141, the 
flow resistance on an identical slip plane decreases as 
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the strain increases. The slip plane is thus work- the electron microscope \vhen 6 < 5%) the order :ed 
sof tened so that further slip will tend to concentrate precipitates are finally sheared off completely. ThI en, 
on that plane. After ‘the passage of some pairs of single dislocations become easily mobile, leading to 
s u F jerlattice dislocations (which were only imaged in the formation of the arrays of pile-up dislocatic ms 
Fig. 3. Al-2.2 wt% Li aged at 215’C (I h) deformed till fracture g = [OlTI. 
Fig. 4. Al-2.2 wt% Li aged at 215’C (I h) deformed 5% at 77 K. Dark field ueak beam image, [Ol I] 
orientation, g = [TOO]. Superlattice dislocation imaged: f[lOl](Tl I) 
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Fig. 5. A pile-up of coupled dislocations in Al-2:2 wt% Li aged at 215°C (1 h) deformed till fracture at 
77 K. Dark field/weak beam image, g = [022]. 
(see Fig. 5) [lS]. Near the head of the pile-up, the 
dislocations are obviously paired but the pair spacing 
increases for dislocations further toward the tail until 
after a number of dislocations they become un- 
coupled. 
At aging temperatures above 230°C coarsening of 
the precipitates occurred. In Fig. 6 a stereo micro- 
graph of an Al-Li sample (undeformed) aged at 
230°C for 17 h is shown. By using two diffraction 
spots, namely a superlattice reflection and a matrix 
reflection, dislocations as well as precipitates are 
imaged. A row of 6’ precipitates are preferentially 
nucleated on a matrix dislocation. After aging at 
230°C collinear rows of extra large precipitates were 
observed, sometimes elongated along the line direc- 
tion. In those cases a dislocation was found to be 
associated with the rows, lying on the common line 
between particles and on the surface of the particles 
themselves. This may be explained by pipe diffusion. 
The mean jump distance of moving dislocations in 
Al-2.2 wt”/, Li aged at 245°C (115 h) as a function of 
strain is displayed in Fig. 2. 
Figure 7 shows an electron micrograph (dark 
field/weak beam, g = 10221) of the Al-Li alloy de- 
Fig. 6. AI-U (2.2 wt%) aged at 230°C for 17 h, g = [I IO] + [220], stereo angle 24”. 
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Fig. 7. AI-Li (2.2 wt%) aged at 245’C for 1 I5 h. Deformed till fracture. g = [OOT] + [02?]. 
formed till-fracture. In this case the microstructure as 
well as the NMR results look very different compared 
to those of Al-Li aged at 2 15C (1 h). From stereo 
electron micrographs the average gap between the 
precipitates, Lp, is found to be 0.3 pm (a = 0.14 pm, 
f = 5%). This value is close to the mean jump dis- 
tance of 0.25pm determined by NMR at low c, 
indicating that in contrast to Al-Li aged at 215’C 
(1 h), Orowan hardening might be the predominant 
hardening mechanism. Figure 7 clearly shows that 
looping occurred during plastic deformation. The 
interparticle spacing in the slip direction sets an upper 
limit for the slip distance, i.e. the actual distance 
traversed before a dislocation gets stuck. The hard- 
ening is expected to be controlled by the micro- 
structure at the beginning of deformation. At higher 
strain values the mean jump distance is decreasing 
gradually from 0.2 pm at E = 5% to 0.08 pm. The 
reason for this decrease is two-fold: first of all 
“statistically stored” dislocations. i.e. those that 
would accumulate during simple tension, will dimin- 
ish the mean jump distance substantially. As can be 
deduced from Fig. 7 the mean distance between the 
statistically stored dislocations is certainly much 
smaller than the mean separation of the S’ precip- 
itates. If moving dislocations are delayed at each 
intersection with the statistically stored dislocations 
during a period TV > IO-” s, spin lattice relaxation 
takes place. As a result of the spin lattice relaxation 
T.6' is determined by waiting time at each inter- 
section. The mean jump distance is therefore de- 
creasing upon deformation from the mean particle 
spacing at the beginning of deformation to the spac- 
ing between statistically stored dislocations later on. 
Secondly. since it is unlikely that each precipitate is 
to be intersected by only one slip plane, loops are 
expected to form vertical stacks. Any movement of 
dislocation debris accumulated round these particles 
affect the spin lattice relaxation rate as well. 
The experimental results obtained are in agreement 
with the stress strain equation given by Ashby’s 
concept of “statistically stored” and “geometrically 
necessary” dislocations, i.e. those generated to ac- 
complish the rotation of the non-deforming particles 
during deformation [16, 171. namely 
c r Ph (PG + A,) ? (10) 
where the density pc of geometrically necessary dis- 
locations is given by 
(II) 
The geometric slip distance A(, is Ti,,if(R, is the planar 
particle radius and ,f the volume fraction). .I, is 
considered to be characteristic of the microstructure 
and independent of the strain. The upper limit ,\G in 
AI-Li containing nonshearable precipitates is calcu- 
lated to be 1: 1 pm. Thompson CI 01. [I81 proposed a 
modification to equation (IO) where A4 sets an upper 
limit to A,,. the slip distance for a statistical storage, 
and A,, = A(; at yield. Then at small strain the slip 
distance is A, and at large strain where A,,<<,1,; it
reduces lo T - A>, ‘. This situation has been found in 
our experiments. 
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Figure 2 indicates that there exists a clear difference 
in functional dependence of L upon e in these two 
Al-Li alloys. The mean jump distance is almost 
constant for L X 5% in Al-Li containing shearable 
precipitates whereas L is still a decreasing function of 
t in Al-Li ~ntaining nonsh~rable precipitates. 
These differences in behaviour are in agreement with 
the various workhardening rates. According to equa- 
tion (2) the shear strain can be described by the mean 
jump distance L of the mobile dislocations according 
to II = bpmL. In general, the flow stress can be 
expected to vary with dislocation density according 
to: r = apb &. This gives the workhardening rate B 
as 
If L is assumed to be constant, 8 becomes propor- 
tional to 1 L and pm must increase with p according 
top,= J p. Ws is the situation for Al-Li contain- 
ing shearable precipitates when E 2 5%. 
In contrast, since L is not constant up to e = 15% 





If L is not a constant, equation (12) can be rewritten 





neglecting the thermal component of the flow stress 
which is much smaller than the athermal component 
in the case of f.c.c. metals. Since (dL/dp) and 
(dL/dzi) are both negative (L x P-‘~), the work- 
hardening rate of Al-Li containing nonshearable 
precipitates is expected to be higher than B of Al-Li 
containing shearable precipitates. Indeed, this is 
150 r ,(b) 
Fig. 8. Experimental stress-strain curve of some of the foils 
measured at 77 K. (a) AI-Li (2.2 wt%) aged at 215°C (1 h), 
(b) AI-Li (2.2 wt%) aged at 245°C (1 I5 h). 
confirmed by the experimental O-L curves depicted in 
Fig. 8. 
The values of the mean jump distance obtained by 
NMR can be used for a theoretical evaluation of the 
yield stress. The yield stress of ultrapure Al at 77 K 
appeared to be equal to 10 MPa. Consequently, the 
increase of the yield stress of the samples aged at 
215°C and aged at 245”C, compared to ultrapure Al, 
is 92 and 41 MPa, respectively (see Fig. 8). A calcu- 
lation of the flow stress for a single dislocation, r,, 
taking into account the effective obstacle spacing as 
a function of applied stress for finite obstacles and 
slightly bent dislocations, has been given by Castagne 
[19]. The flow stress can be written as 1131 
Dealing with superlattice dislocations, Brown and 
Ham (131 have shown that when the tirst dislocation 
of a superlattice dislocation pair meets the Friedel 
condition, the second dislocation is pulled forward by 
the anti phase boundary remaining in the particles 
which it intersects by 7,,, described by 
7APFJ - -fi. (16) 
The applied flow stress required for cutting the 
precipitates, r,, follows from 
2r,- 7, + 7ApB.= 0. (17) 
Taking the experimental values mentioned before v, 
R y) and LNMR N LFG 0.08 pm, 7, is found to be 
29 MPa. This is in close agreement with the increase 
of the applied yield stress (7, N a,,/3) of Al-Li (aged 
at 215”C, 1 h) compared to ultrapure Al. As a matter 
of course, this increase should be compared with the 
as-quenched sample value. However, we could not 
obtain very ~pr~u~ble results for those samples as 
far as the yield stress is concerned (12-28 MPa). 
Orowan looping will occur when r,, = f70. 7,[20,21] 
is calculated to be 97 MPa. It means that as long as 
y,,ra < 180mJ/m* shearing of the precipitates will 
take place. 
In calculating the critical stress for looping in 
Al-Li aged at 245°C (115 h) the average gap between 
the precipitates is assumed to be L,,, ‘Y 0.25 pm. r@ 
is calculated to be 3 1.4 MPa. Since the applied stress 
required for cutting [equation (1711 is much larger 
than r,/2 the first dislocation within the superlattice 
dislocation pair reaches the looping stage. The con- 
nection between LNMR and LP, the average gap be- 
tween the precipitates, will be discussed in Section 
4.3. 
4.2. Activation length 
Mechanical tests involving a change in strain rate 
by a factor of ten were employed to measure 
(6 In i/6r), [equation (5)], from which the apparent 
activation volume was deduced. The resulting data, 
depicted in Fig. 9, reveal that the apparent activation 
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volume and activation length for each alloy system 
decreases with increasing strain. This behaviour has 
been observed afso in f.c.c. crystals using the same 
techniques, e.g. in Al by Mukherjee et al., [22] and in 
Cu by Van Den Beukel and co-workers [23]. How- 
ever, there exists a striking difference between the two 
Al-Li alloy systems with respect o the rate at which 
this decrease happens. This can be understood by the 
following. arguments: the’ effective activation length 
represents the mean spacing of the forest dislocations 
[24]. As mentioned before in 4.1 in the Al-Li alloy 
containing shearable precipitates work-softening will 
take place [14J, i.e. the slip will tend to be hetero- 
geneous in such a material. 
The tendency to produce heterogeneous slip will be 
more pronounced the more the flow stress resistance 
decrease by the passage of a dislocation. Once the 6’ 
precipitates are sheared their resistance to further 
dislocation motion is reduced and strain localization 
will occur. It is obvious that under heterogeneous 
slip less rapid formation of stable dislocation 
configurations-6an arise as a result of reactions 
between the sets of slipping dislocations. The rate of 
strain hardening, based on the concept that the 
slipping dislocations interact to produce low energy 
configurations which then restrain motion of slipping 
dislocations, is expected to be small in the case of 
shearable b’ precipitates. This is in agreement with 
the experimental observations (Fig. 8). These findings 
are in contrast to the strain dependence of R. measured 
in Al-Li where Orowan loops are formed. In this 
material dislocation bypassing occurs and the work- 
hardening of this slip plane leads to slip homoge- 
nization. On straining dislocation debris accumulates 
round the particles leading to workhardening of the 
slip plane upon which the disl~tions have moved. 
It favours therefore the operation of a different slip 
plane, i.e. slip tends to become homogeneous. The 
workhardening is due to Orowan loops at low strains 
and to an increasing degree, due to prismatic loops at 
high strains [25,26], With increasing strain the num- 
ber of prismatic loops increases, and therefore the 
length of the obstacles in slip plane increase, leading 
to a self-hardening of the slip Iine. At large strains 
even loops can be punched out on secondary systems 
(due to the back stress from the prismatic loops) and 
plastic zones of considerable complexity are formed 
leading to forest hardening [27]. Because these various 
hardening mechanisms are operative in Al-Li con- 
taining nonshearable precipitates, the activation 
Iength is expected to decrease with strainhardening 
more rapidly than in Al-U ~ntaining shearable 
precipitates. Indeed, this is confirmed by the experi- 
mental observations depicted in Fig. 9. It should be 
noted that in the derivation of the activation length 
1 it was assumed that the obstacle width was indepen- 
dent of the applied stress and has the arbitrarily 
chosen value of b. In the Friedel approximation the 
effective activation length is proportional to the 
applied stress T -lb [28]. This effective spacing is given 
approximately by 
(18) 
where L,, is the mean square spacing [equation (8)]. 
(For shearable precipitates 2, is actually identical to 
LF. Substituting the mean square spacing [equation 
(811 and ‘L = r, [equation (1511 into equation (18) one 
arrives at equation (9)]. Based on equation (18) the 
activation volume will become equal to 2/3 J.b’ 
leading to somewhat higher values of 1 than depicted 
in Fig. 9, 
4.3. Comparison between mean jump distance and 
activation length 
In conclusion we may say that there exists mutual 
consistency between the main jump distance and the 
activation length as far as their effects on the hard- 
ening rates are concerned. However, there are consid- 
erable differences in magnitude between the activa- 
tion Iength A and the mean jump distance L in the two 
ahoy systems. For instance, in the alloy (b) contain- 
ing nonshearable precipitates L,,, > 1 for L > 5% 
whereas in the alloy (a) containing shearable precip- 
itates LNMR < ;I over the whole range of deformation. 
In principle there is no physical reason why the mean 
activation length A and mean jump distance L,,, in 
these alloy systems should be identical. Precipitates, 
both shearable and nonshearable, cannot be passed 
by due to thermal fluctuations as in a strain rate- 
change experiment. Therefore, J is determined by the 
forest dislocation density and Li impurities in solid 
solution. On the other hand, L,,, depends on both 
the average gap between the precipitates and mean 
spacing between the forest dislocations. L is obtained 
from samples which are deformed with constant 
. 
\ . 
Fig. 9. Activated length determined from strain rate change 
experiments. The strain rate range is 10V6 to lo-' s-l, (a) 
Al-Li (2.2 wt”/,) aged at 215°C (1 h), (b) Al-Li (2.2 wt%) 
aged at 245°C (115 h). 
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strain rate i with increasing stress. This means that L 
is dynamically influenced by dislocation multi- 
plication. The mean distance covered during a dis- 
location jump is controlled merely by relatively hard 
obstacles (precipitates, forest disl~ations) since the 
effective stress is large enough to make the soft 
obstacles (Li in solid solution) contribute to the 
lattice friction only. Changes in strain rate during 
deformation, however, can cause similar effects to the 
flow stress as changes in temperatures. An increase in 
strain rate gives less time for thermally activated 
events: i.e. it is equivalent to a lowering of the 
temperature of deformation. As a consequence, hard- 
ening occurs because disl~ations blocked by forest 
dislocations in the primary slip plane are not able to 
avoid them by cross slip. In addition, the cooperative 
way of dislocation dynamics will influence h. A 
dislocation pinned at different obstacles may “unzip” 
along its entire length after thermal activation of only 
one segment of the dislocation across one barrier, 
since at that very moment the critical breakaway 
angle of all other segments is exceeded. Only a small 
activation volume V per segment would be measured 
and consequently a small 1, although L,,, in that 
case need not be influenced by this unzipping effect. 
A plausible connection between 1 and LNNR can be 
based on the following model: all moving dis- 
locations, delayed at intersections with either forest 
dislocations or precipitates, affect the spin-lattice 
relaxation rate. Assuming two different sets of corre- 
sponding mobile dislocation densities: .p, and pr, 
respectively, the total spin lattice relaxation rate can 
be written as 
where [see equation (3)] 
and p, + p2 = p. L, represents the spacing between 
forest dislocations, A, and L2 is the gap between the 
precipitates, Lp. In equation (19) the contribution to 
the spin-lattice relaxation rate due to any movement 
of dislocation debris accumulated round the precip- 
itates has been neglected. At L = 5% alloy (b), II is 
found to be 0.14 pm and the average gap between the 
nonshearable precipitates L, = 0.3 pm. Assuming 
equal fractions (pi = p2). the mean jump distance 
LNMR is calculated to be 0.19 pm, according to 
1 -_.____~&+p2* 
L NMR AP LpP 
(21) 
This is almost equal to the experimentally determined 
value (Fig. 2). From equation (21) follows that, 
providing pI # 0, LNMR is always smaller than the gap 
between the precipitates Lp (= constant). Assuming 
equal fractions (p, = p2) up to 6 = lo%, LNMR is 
predicted to be 0.07 pm (It = 0.04pm, Lp = 0,3/rm). 
Again, this is in agreement with experiments (Fig. 2). 
Based on the experimental values of d and 4, LNMR 
should be larger than 1 in the alloy containing 
nonshearable precipitates. 
An Al-Li containing shearable precipitates (alloy 
a) the ~la~onship between .I&, and 1 is more 
complicated. In this case LNNR and 1 are almost 
constant over the whole range of deformation. On the 
contrary, Lp depends on c since the cross section of 
the precipitate in the slip-plane will be reduced upon 
deformation. Further, it is likely that moving dis- 
locations inside the precipitates contribute to the 
spin-lattice relaxation rate separately. When a mobile 
dislocation crosses over a distance Lp and sub- 
sequently short jumps occur over a distance 3, the 
mean diameter of the precipitates, the total spin 
lattice relaxation rate measured by NMR is largely 
determined by the jump distance inside the precip- 
itates: (a 6 L,<tR) 
(22) 
apparently leading to L,,, < 1. 
5. CONCLUSIONS 
It turned out that pulsed nuclear magnetic reso- 
nance is a complementary new technique for the 
study of moving dislocations in Al-Li alloys. Spin- 
lattice relaxation measurements clearly indicated that 
the ~uctuations in the quadrupolar field due to 
moving dislocations in alloys containing either shear- 
able or nonshearable precipitates are quite different, 
The NMR experiments provided information of the 
mean jump distance of dislocations in these alloys. 
Transmission electronmicroscopic observations of 
the mean planar diameter of the precipitates, in 
combination with the NMR data, predicted the in- 
crease of the yield stress compared to ultrapure 
aluminium in reasonable agreement with ex~~ment. 
It was found that the activation length, obtained 
from mechanical strain rate change experiments, have 
different values compared to the measured values of 
the mean jump distance determined by NMR. Rea- 
sons for the mean jump distance being different from 
activation length have been given. Nevertheless, both 
mean jump distance and activation length have been 
found to decrease with strain hardening more rapidly 
in AI-Li containing nonshearable precipitates than in 
Al-Li containing shearable precipitates. These 
findings are consistent with the experimentally mea- 
sured workhardening rates. 
Finally, it should be emphasized that Al-Li alloy 
is not an alloy system that exhibits only one type of 
hardening: i.e. order hardening or Orowan hard- 
ening. Plastic defo~ation is a local process and as a 
consequence depends on the local characteristics of 
the microstructure. Since there exists a distribution of 
particle sizes both hardening mechanisms may occur. 
Nonetheless, NMR measurements clearly showed 
different fluctuations in the local magnetic field due 
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